Notch1 genes encode receptors for a signaling pathway that regulates various aspects of cell growth and differentiation; however, the role of Notch1 signaling in p38 mitogen-activated protein kinase (MAPK) signaling pathway is still not well defined. In this study, we found that Notch1 intracellular domain (Notch1-IC) prevents oxidative stress-induced cell death through the suppression of the Apoptosis signal-regulating kinase (ASK) 1 signaling pathway. Notch1-IC inhibited H 2 O 2 -induced activation of ASK1 and the activation of downstream kinases in the p38 MAPK signaling cascade. The results of both in vivo binding and kinase studies have revealed that ASK1 is the direct target of Notch1-IC, whereas it produced no effect on either MAP kinase kinase (MKK) 3 or p38 MAPK. Notch1-IC blocked both the homooligomerization of ASK1 and inhibited ASK1 activity. Furthermore, Notch1-IC facilitated the translocation of activated ASK1 toward the nucleus. Notch1 knockdown was determined to be highly susceptible to oxidative stress-induced activation of ASK1-MKK3/MKK6-p38 MAPK signaling cascade and cell death. Taken together, our findings suggest that Notch1-IC may act as a negative regulator in ASK1 signaling cascades. subcellular localization | gamma-secretase inhibitor | breast cancer A poptosis signal-regulating kinase (ASK1) was initially identified as an apical mitogen-activated protein kinase kinase kinase (MAPKKK) that transduces the signal from ligand-activated tumor necrosis factor receptor (TNFR) to the programmed cell death system (1) through its interaction with the adaptor protein TNF receptor-associated factor 2 (TRAF2) (2, 3) . ASK1 plays a role in apoptosis induced by a variety of cellular stressors including oxidative stress. ASK1 has also been implicated in the regulation of signal transduction by Fas through Daxx, by its sequestration in the cytoplasm (4) . The interaction of ASK1 with TRAF2 also links ASK1 to signal transduction activated in the unfolded protein response through inositol-requiring enzyme (IRE)1α (5) . ASK1 has been shown to be essential for ER stressinduced neuronal cell death triggered by expanded polyglutamine repeats (6) and has been implicated in Aβ-induced neuronal apoptosis directly through the up-regulation of an inhibitor of proteasome activity, ubiquitin-conjugating enzyme E2-25 kDa (E2-25K)/huntingtin interacting protein 2 (Hip-2) (7). Moreover, H 2 O 2 increases the dimeric form of ASK1, and then reactive oxygen species (ROS)-mediated dimerization of ASK1 causes ASK1 activation and apoptosis (8) . The ASK1 signaling pathway plays a critical role in 6-hydroxydopamine-induced apoptosis in human neuroblastoma cells, and the inhibition of ASK1 signaling using small molecules was shown to mitigate 6-hydroxydopamine-mediated neuronal death (9, 10) . Notch, a highly conserved transmembrane receptor, is associated with a variety of cellular events, including cell fate determination, adult cell self-renewal, cell differentiation, cell survival, and cell death in vertebrates and invertebrates (11) (12) (13) (14) . Notch and its cytoplasmic regulator Deltex were thus found to inhibit the activation of transcription by c-Jun (15) , which is one of the substrates of c-Jun N-terminal kinase 3 (JNK). Furthermore, JNK activity was found to be higher in Notch mutant Drosophila embryo than in wild-type embryo (16) . It has been reported that during Caenorhabditis elegans vulval development, lineage defective-12 (lin-12) (C. elegans Notch) up-regulates lip-1, a C. elegans ortholog of mammalian MKP-3 [mitogen-activated protein (MAP) kinase phosphatase 3] (17). MKP-3 acts preferentially on the ERK1/2 mitogen-activated protein kinase (MAPK) pathway. Recently, Nishida and coworkers has suggested that Notch specially induces expression of MKP-1, a member of the dual-specificity MAPK phosphatase, which directly inhibits 38,000-dalton membrane protein (p38) MAPK activity (18) . Nevertheless, despite the many studies conducted regarding this subject, the physiological role of Notch1 in ASK1 signaling and cell death remains largely unknown.
Here, we showed that Notch1 intracellular domain (Notch1-IC) negatively regulates the p38 MAPK signaling pathway by targeting ASK1. Notch1 physically interacts with ASK1 and abrogates ASK1 homodimerization. The inhibition of ASK1 by Notch1-IC results from consequent inhibition of MAP kinase kinase (MKK) 3/6 activation and p38 MAPK activation.
Results
Notch1-IC Suppresses Oxidative Stress-Induced p38 MAPK Activation.
To determine whether Notch1-IC plays a role in the regulation of the p38 MAPK signaling pathway, we subjected human embryonic kidney 293 (HEK293) cells to transient transfection with an expression plasmid encoding for Myc-Notch1-IC and then evaluated the H 2 O 2 -induced activation of p38 MAPK in control cells. As shown in Fig. 1A and Fig. S1C , H 2 O 2 -induced p38 MAPK activation was markedly inhibited in the Notch1-IC transfected cells. The role of endogenous Notch1 in the p38 MAPK signaling cascade was further evaluated by the inhibition of Notch1 cleavage by using DAPT, which is a gamma-secretase inhibitor (19) (20) (21) . DAPT (N-[(3,5-Difluorophenyl)acetyl]-L-alanyl-2-phenyl]glycine-1,1-dimethylethyl ester) was shown to efficiently block the presenilin/gamma-secretase complex (Fig. S1A) . We then assessed whether DAPT-induced Notch1 inhibition alters endogenous p38 MAPK catalytic activity (Fig. S1B ). H 2 O 2 stimulated p38 MAPK enzyme activity was more up-regulated in the DAPT-treated cells compared with DMSO-treated cells. Moreover, ectopic expression of Notch1-IC was sufficient to inhibit p38 activity even under DAPT treatment (Fig. 1B and Fig. S1D ). The role of endogenous Notch1 in the p38 MAPK signaling pathway was further evaluated by the knockdown of Notch1 using two different Notch1 shRNA. Fig. 1C and Fig. S1E also indicates that endogenous p38 MAPK enzyme activity, which was stimulated by H 2 O 2 , was promoted through the down-regulation of Notch1 expression. We next examined the effects of genetic suppression of endogenous Notch1- IC generation on H 2 O 2 -induced endogenous p38 MAPK activation in mouse embryonic fibroblasts (MEFs) from presenilin (PS) 1/2 knockout mice. We performed kinase assays by using PS1/2 +/+ and PS1/2 −/− MEF cells. When cells were treated with H 2 O 2 , the endogenous p38 MAPK enzyme activity in PS1/2 −/− cells was higher than in PS1/2 +/+ cells. Furthermore, when PS1/2 −/− cells were reintroduced PS1/2 or Notch1-IC, the p38 MAPK enzyme activity was significantly down-regulated ( Fig. 1D and Fig. S1F ). These results imply that Notch1-IC plays a role in the regulation of p38 MAPK signaling pathway in intact cells.
Notch1-IC Inhibits Upstream and Downstream Components of the p38
MAPK Signaling Pathway. We attempted to determine whether Notch1 influences signaling upstream of p38 MAPK, including MKK3, MKK6, and ASK1 activity. The H 2 O 2 -induced stimulation of MKK3 (Fig. S2A ) and MKK6 (Fig. S2B ) activity was remarkably inhibited by coexpression of Notch1-IC. Exposing the cells to H 2 O 2 increased ASK1 activity, and this effect was inhibited by the overexpression of Notch1-IC (Fig. S2C ). H 2 O 2 -induced stimulation of ASK1 phosphorylation at Thr845 (Thr838 in human ASK1) was significantly decreased by the coexpression of Notch1-IC compared with the control expressing empty vector (Fig. S2C) . These data showed that Notch1-IC overexpression also blocked H 2 O 2 -induced MKK3, MKK6, and ASK1 activities.
Next, the role of Notch1 in the endogenous ASK1 signaling cascade was further evaluated by the knockdown of Notch1 using short hairpin Notch1. The endogenous MKK3 enzyme activity, which was stimulated by H 2 O 2 , was enhanced through the coexpression of short hairpin Notch1 (Fig. 2A) . The increase in the activity of endogenous MKK6 induced by H 2 O 2 was also promoted through the down-regulation of Notch1 expression (Fig. 2B) . Furthermore, immune complexes kinase assay with endogenous ASK1 revealed that H 2 O 2 treatment increased the kinase activity of endogenous ASK1 in cells expressing the short hairpin control vector, and that these effects were enhanced in cells expressing short hairpin Notch1 (Fig. 2C) . Thus, our data indicate that ASK1-MKK3/6-p38 MAPK signaling was the principal target of Notch1-IC.
To evaluate the role of endogenous ASK1 in H 2 O 2 -induced p38 MAPK pathway, we depleted ASK by using short hairpin RNA and then measured the activating transcription factor (ATF) 2-dependent luciferase activity. The H 2 O 2 -mediated transactivation activity of ATF2 was reduced in the cells transfected with short hairpin ASK1 (shASK1) compared with that in the cells transfected with control shRNA (Fig. 2D ). H 2 O 2 caused an increase in ATF2-dependent luciferase activity, and this effect was inhibited by Notch1-IC (Fig. S2D) . In HEK293 cells, overexpressed constitutive active mutant of ASK1 (ASK1-ΔN) functioned as a constitutive active form of the ASK1 enzyme and enhanced ATF2-dependent luciferase activity. The ASK1-ΔN induced transcription-stimulating activity of ATF2, which was blocked by Notch1-IC, and these functions were suppressed by coexpression with the dominant negative form of MKK6 (Fig.  S2E ). Unlike the control short hairpin plasmid-transfected cells, the short hairpin Notch1 transfected cells had elevated basal levels of ATF2 and ASK1-ΔN-dependent ATF2 transactivation activity (Fig. 2E) . To determine the role of endogenous Notch1-IC in ASK1 signaling, we performed transcription reporter assays by using PS1/2 +/+ and PS1/2 −/− MEF cells. When the cells were treated with H 2 O 2 , the transcriptional activity of ATF2 in PS1/2 −/− cells was higher than in PS1/2 +/+ cells (Fig. 2F ). These results indicate that Notch1-IC inhibits the ASK1-dependent transactivation activity of ATF2 in intact cells. MAPK activity was measured via an immunocomplex kinase assay. The cell lysates were also subjected to immunoblotting analysis with the indicated antibodies. IB, immunoblot. Notch1-IC Inhibits ASK1 Activity, but Not MKK3 and p38 MAPK Activities in Vitro. The effect of Notch1-IC on ASK1 activity was assessed by using an in vitro kinase assay to determine whether Notch1-IC directly targets ASK1. Active ASK1 was acquired through immunoprecipitation of H 2 O 2 -exposed HEK293 cells by using an anti-ASK1 antibody. In the in vitro kinase assay, pretreatment of the active ASK1 with purified Notch1-IC protein resulted in the inhibition of ASK1 activity (Fig. S3A) . By way of comparison, Notch1-IC pretreatment had little effect on the enzyme activity of either MKK3 (Fig. S3B) or MKK6 (Fig. S3C ) in vitro. Fig. S3D also shows that purified Notch1-IC did not directly influence the activity of p38 MAPK on ATF2 phosphorylation. Furthermore, Notch1-IC inhibited the enzymatic activity of ASK1-ΔN, which is the constitutively active form of ASK1 (Fig. S3E) . Additional experiments showed that Notch1-IC has no effect on the activities of any other MAP3Ks, including mixed lineage kinase-3 (MLK3) and transforming growth factor-β-activated kinase-1 (TAK1) are potential upstream activator of p38 MAPK pathway ( Fig. S4 A and B) . Thus, our data indicate that ASK1 was the principal target protein of Notch1-IC in the ASK1-MKK3/6-p38 MAPK signaling cascade. Moreover, knockdown of mastermind-like-1 (MAML) did not affect the transcriptional activity of the p38 by notch1-IC (Fig. S5A) . One of the downstream effectors of p38 MAPK is the MKP, which mRNA level is induced by Notch1-IC (18) . Knockdown of the MKP transcriptional activity had marginal effect on Notch1-IC blocked ASK1-ΔN-dependent ATF2 transactivation activity (Fig. S5B ), suggesting that Notch1-IC regulates p38 MAPK pathway by a mechanism independent of MAML and MKP1.
Notch1-IC Interacts Physically with ASK1 in Intact Cells and Disrupts ASK1 Homodimerization. Because our results suggested that ASK1 was a target of Notch1-IC, we next investigated whether these two proteins physically interact in intact cells. Here, HEK293 cells were cotransfected with vectors encoding HA-ASK1 and Myc-Notch1-IC, and were then subjected to coimmunoprecipitation analysis. Immunoblot analysis using the anti-Myc antibody of HA immunoprecipitates from the transfected cells revealed that HA-ASK1 physically associated with Myc-Notch1-IC in the cells (Fig. 3A) . We also examined whether endogenous Notch1-IC and ASK1 could interact in intact cells. Immunoblot analysis using anti-Notch1 antibody of the ASK1 immunoprecipitates indicates that the two endogenous ASK1 and Notch1 physically associated in intact cells (Fig. 3B) . Furthermore, we also found that H 2 O 2 stimulated the physical association between ASK1 and Notch1-IC (Fig. 3C) . Next, we examined whether Notch1-IC could interfere with ASK1 homodimerization. The homodimerization of ASK1 is one mechanism for ASK1 activation. Here, the HEK293 cells were transfected with Flag-ASK1 and HA-ASK1 in the presence or absence of Myc-Notch1-IC. Coimmunoprecipitation analysis indicated that HA-ASK1 was associated with Flag-ASK1 in the transfected cells. This ASK1 homodimerization was effectively suppressed by coexpression of Notch1-IC (Fig. 3D) . These results suggest that Notch1-IC may inhibit ASK1 activation, at least in part, by suppressing ASK1 homodimerization. Because ASK1 homooligomerization was important for its kinase activity and ASK1 was shown to form inactive complexes with thioredoxin or 14-3-3 (22-24), we also investigated the effect of Notch1-IC on 14-3-3 binding to ASK1. Our result shows that Notch1-IC increased the interaction between ASK1 and 14-3-3, suggesting that inactive monomer form of ASK1 was increased by Notch1-IC (Fig. 3E) . Notch1-IC harbors a CDC domain that includes a RAM23 domain, seven ankyrin repeats, a polyglutamine tract (OPA) domain, and a PEST (proline, glutamate, serine, threonine rich sequence) domain within its structure (25) . We attempted to determine which, if any, of these domains might be involved in the interaction between Notch1-IC and ASK1. We used a variety of Flag-Notch1-IC deletion mutants, Notch1-IC-RAM-ANK (CDC domain), Notch1-IC-OPA, and Notch1-IC-PEST. We conducted coimmunoprecipitation assays by using the three Notch1-IC deletion mutants and HA-ASK1. Our results showed that ASK1 bound to Notch1-IC-RAM-ANK but not to Notch1-IC-OPA or Notch1-IC-PEST (Fig. S6A) . Subsequent experiments revealed that the RAM-ANK domain of Notch1 prevented ASK1 activity (Fig. S6B) . To further define the interaction motif or residue responsible for ASK1 binding, we used a variety of deletion mutants of Notch1-IC-RAM-ANK. Deletion of ANK2 and ANK3 domain form C terminus abrogates binding with ASK1 suggests that the ASK1 binding site is at the ANK2 and ANK3 domain (Fig. 3F) . Mutated variable residues on the surface of the ankyrin repeat domain abolished binding to ASK1 (Fig. S6 C and D and Fig. 3G ). Moreover, Notch1-IC inhibited the enzymatic activity of ASK1 under oxidative stress, but ANK2 or ANK3 mutant has no effect on the ASK1 activity (Fig. 3H ). Immunoblot analysis of the cross-linked complex indicated that the binding stoichiometry is one ASK1 monomer per Notch1 monomer (Fig.  S6E ). These data indicate that ANK domain was critical to the interaction of Notch1-IC with ASK1, as well as its ASK1 signalinginhibitory effects.
Notch1-IC Induces Nuclear Localization of Activated ASK1. ASK1 showed predominant cytoplasmic localization in various cells where it meets with Daxx, which is translocated from the nucleus after apoptotic stimuli (4, 26) . A previous report showed that apoptosis linked gene-2 (ALG-2) induces nuclear localization of ASK1 and influences JNK activation (27) . In our previous report, we found that Notch1-IC mainly localized in the nucleus, but some Notch1-IC was observed in the cytoplasm by using nucleus and cytoplasm fractionation (28, 29) . Thus, we determined whether Notch1-IC could modulate ASK1 localization within cells. To determine the effect of Notch1-IC on ASK1 localization, cells were cotransfected with vector encoding HA-ASK1 or MycNotch1-IC. As expected, ASK1 was predominantly localized in the cytoplasm and the intracellular distribution of Notch1-IC was in the nucleus and cytoplasm. H 2 O 2 facilitates the translocation of ASK1 into the nucleus. Moreover, the expression of Notch1-IC enhanced the translocation of ASK1 into the nucleus (Fig. S7 A  and B) . H 2 O 2 could activate ∼10-15% of total ASK1 proteins (Fig.   S7G ). Therefore, we introduced ASK1-ΔN to evaluate the role of Notch1-IC in the subcellular localization of activated ASK1. To determine the effect of Notch1-IC on ASK1-ΔN localization, cells were cotransfected with a vector encoding HA-ASK1-ΔN or MycNotch1-IC. ASK1-ΔN and Notc1-IC were localized mainly in the cytoplasm and partially in the nucleus (Fig. S7 C and D) . As shown in Fig. S7D , the coexpression of Notch1-IC enhanced the translocation of ASK1-ΔN into the nucleus (Fig. S7 C and D) . Next, we tested to evaluate the role of the Notch1-IC on subcellular localization of active ASK1 with phospho-ASK1 antibody. Activation of ASK1 by the oxidative stress, phosphorylated ASK1 was predominantly cytoplasm. In contrast, a higher expression of Notch1-IC caused translocation of active ASK1 into the nucleus (Fig. S7E ). Next, we tested the subcellular distribution of endogenous ASK1 under oxidative stress. Stimulation with H 2 O 2 promoted redistribution of a fraction of active ASK1 to the cytoplasm in all cells without Notch1-IC. Active ASK1 localized in the nucleus in the presence of Notch1-IC (Fig. S7F) . We also performed co-IP by using nuclear and cytoplasmic fraction. Notch1-IC bound to wild-type and activated ASK1 in the cytosol. In the nucleus, Notch1-IC bound to activated ASK1, but not wild-type ASK1 (Fig. S8) .
Recently, we found that the expression levels of Notch1-IC were increased significantly in Michigan Cancer Foundation (MCF)-7, which is a breast cancer cell line compared with MCF10A (Fig.  S9A) . We then attempted to determine whether relative basal level of Notch1-IC is crucial to active ASK1 localization in different cell lines. We observed Active ASK1 localized in the cytoplasm in MCF10A, which has moderate Notch1-IC expression levels. However, high levels of Notch1-IC expression in MCF7 cells tend to be increase the nuclear localization of active ASK1 (Fig. 4) . Interestingly, DAPT has affected nuclear localization of ASK1 (Fig.  S9 B and C) . Next, we examined the H 2 O 2 -induced translocation of active-ASK1 in MCF7 cells transfected with either control or Notch1-IC shRNA. Knockdown of the Notch1-IC prevents translocation of active ASK1 to the nucleus (Fig. 4) . Additionally, we tested the effect of Notch1-IC mutants on Active ASK1 localization. Expression of Notch1 ANK2-Mut or ANK3-Mut has no effect on nuclear accumulation of active ASK1 under oxidative stress (Fig.  S10 A and B) . The results of these experiments demonstrated the inhibitory function of Notch1-IC against ASK1 activation was mediated by regulating active ASK1 subcellular localization.
Notch1-IC Inhibits ASK1-Dependent Apoptotic Cell Death. We investigate whether endogenous ASK1 might effect on H 2 O 2 induced cell apoptosis. Annexin V staining showed that silence of the ASK1 expression result in suppression of the H 2 O 2 induced apoptosis. However, knock down of Notch1 augmented sensitivity to Fig. 4 . Notch1-IC induces nuclear localization of ASK1. MCF7 cells were transfected with shCon or shNotch1 as indicated. Cells were treated with H 2 O 2 before fixation. After fixation, Notch1-IC and phospho-ASK1 (T845) were stained with Alexa Fluor 488 (green) and Alexa Fluor 555 (red) and examined by confocal microscopy. The DNA dye Topro-3 was used to visualize the nuclei. For each experiment, at least 300 cells were examined, and the images shown here represent the typical staining pattern of a majority of cells and the fold enrichment was quantified at the indicated region (white bar). The mean nuclear localization intensity per cell was analyzed by imaging cytometric analysis.
Further the potentiating effect of Notch1 silencing on apoptosis was abrogated by an additional RNA mediated depletion of ASK1 (Fig. S11A) . Next, we evaluated the effects of Notch1-IC on ASK1 dependent cell death. The overexpression of ASK1-ΔN, resulted in an increase in apoptotic cell death in HEK293 cells, and this apoptotic effect could be repressed by Notch1-IC. Also, the MKK6 (S82A), a dominant negative form of MKK6 successfully suppressed ASK1 dependent cell death (Fig. 5A) . We next examined the effects of genetic suppression of endogenous Notch1-IC generation on H 2 O 2 -induced cell death in MEFs from PS1/2 wild-type and knockout mice. The H 2 O 2 -induced increase in apoptotic cell death in PS1/2 −/− cells was twofold higher than in PS1/ 2 +/+ cells (Fig. 5B) . Furthermore, short hairpin Notch1 was found to enhance ASK1-ΔN-induced apoptotic cell death (Fig. 5C) . These results indicate that cell death might be repressed by endogenous Notch1-IC. We then assessed the effects of Notch1-IC on ASK1-ΔN-induced cell death. Taken together, these data strongly indicate that Notch1-IC suppresses H 2 O 2 -induced cell death by binding to ASK1. To investigate whether stable knockdown of Notch1 in MCF7 cells might affect the transforming activity, we assessed anchorage-independent growth in soft agar of the short hairpin control vector and short hairpin Notch1-expressing cells. As shown in Fig. 5D , the number and size of MCF7 colonies that formed on the soft agar plate decreased upon treatment with H 2 O 2 . MCF-shNotch1 cells formed fewer colonies than MCF7-short hairpin control (shCon) cells. Similarly, the numbers of colonies in MCF7-shNotch1 cells were also significantly smaller than in MCF7-shCon cells after H 2 O 2 treatment. Besides, the size of the colonies was smaller compared with the short hairpin control vector-expressing cells. These data indicate that inhibition of Notch1 expression might impair the transforming activity of the MCF7 cells.
To study the effects of natural Notch1 expression on the growth of MCF7 cells, we performed colony formation assay in both shCon vector and Notch1 shRNA expressing cells. The number of MCF7 colonies decreased upon treatment with H 2 O 2 . The MCF7-shNotch1 cells showed a dramatic reduction in the numbers of colonies. Under H 2 O 2 treatment, there was a substantial reduction in the numbers of colonies in the MCF7-shNotch1 cells, compared with that of the MCF7-shCon cells (Fig. 5E ). Given that depletion ASK1 by shRNA thus inhibited H 2 O 2 -induced apoptosis (Fig.  S11A) , we next evaluated the role of endogenous ASK1 on transforming activity by colony forming assay. shRNA-mediated depletion of ASK1 augmented colony formation in MCF7 cells. Furthermore, the inhibitory effect of Notch1 shRNA cells on colony formation was reversed by additional depletion of ASK1 by shRNA (Fig. S11B) . Apparently, knockdown of Notch1 expression significantly inhibited cell growth. These findings further support the notion that Notch1 provides a prosurvival signal during the cellular response to oxidative stress.
Discussion
In this report, we detected and characterized signal cross-talk between the Notch pathway and ASK1-p38 MAPK signaling pathway. Previous studies have indicated that PS1 negatively regulates the JNK signaling pathway and JNK-mediated apoptosis (30) . The PS1-mediated inhibition of JNK signaling appears to require the activation of gamma-secretase, which was based on the findings that functionally inactive mutants of PS1 did not inhibit JNK activation. Furthermore, PS1 positively modulates the basal activity of MAPK through Raf-MEK pathway, which means that PS has an important role in the MAPK signaling pathway (31) . Gamma-secretase mediates the processing of its target proteins, including β-amyloid precursor protein (APP) and Notch (32) (33) (34) . A recent study has suggested that Notch1-IC, an active form of Notch1 generated by the action of gamma-secretase, functions as a negative regulator of JNK signaling (35) . It was proposed that Notch might modulate the JNK signaling pathway (15, 16) . Notch and its cytoplasmic regulator Deltex were thus found to inhibit the activation of transcription by c-Jun (15) , which is one of the substrates of JNK. Furthermore, JNK activity was found to be higher in Notch mutant Drosophila embryo than in wild-type embryo (16) . It has been reported that during C. elegans vulval development, lin-12 (C. elegans Notch) up-regulates lip-1, a C. elegans ortholog of mammalian MKP-3 (17) . MKP-3 acts preferentially on the ERK1/2 MAPK pathway. Recently, Nishida and coworkers has suggested that Notch specially induces expression of MKP-1, a member of the dual-specificity MAPK phosphatase, which directly inhibits p38 In the soft-agar colony formation assay, nontreated and H 2 O 2 -treated MCF7 cells (1 × 10 4 cells) were seeded onto a culture medium containing 0.3% agar and incubated at 37°C for 21 d. The number of visible colonies was stained with 0.5% crystal violet. (E) The cells were seeded and incubated further for 14 d, fixed with 4% paraformaldehyde, and stained with 0.5% crystal violet (fixed and stained with crystal violet). The number of colonies in each well was calculated. These photomicrographs show the colony formation assays, and the graph illustrates quantitative analysis. Data are expressed as the means ± SD of triplicates from one of three independent experiments. All results were representative of at least three independent experiments. ANOVA, *P < 0.001, **P < 0.005.
MAPK activity (18) . Nevertheless, despite the many studies conducted regarding this subject, the physiological role of Notch1 in ASK1 signaling and cell death remains largely unknown. Here, we showed that Notch1-IC negatively regulates the p38 MAPK signaling pathway by targeting ASK1. Notch1 physically interacts with ASK1 and abrogates ASK1 homodimerization. The inhibition of ASK1 by Notch1-IC results from consequent inhibition of MKK3/6 activation as well as p38 MAPK activation. Notch-IC exerts many of its biological actions by activating the transcription factor Suppressor of Hairless [Su(H)] in Drosophila or recombination signal binding protein for immunoglobulin kappa J region (CBF1/RBP-Jκ) in mammals (36, 37) . Notch-IC interacts with CBF1 and translocates to the nucleus, resulting in the elevated expression of target genes (38) . Our recent finding suggests that RBP-Jk has an antiapoptotic function by suppressing JIP1-mediated JNK signaling (39) . Our data now indicate that activation of the transcription factor RBP-Jk is not required for inhibition of the ASK1-p38 MAPK pathway by Notch1-IC or by itself.
ASK1 showed predominant cytoplasmic localization in various cells where it meets with Daxx, which is translocated from nucleus after apoptotic stimuli (4, 26) . ASK1 activates p38 MAPK when localized in the cytoplasm. Because ASK1 was present in the nucleus when cotransfected with Notch1-IC, it is likely that a change in the localization of ASK1 might influence the p38 MAPK signaling. A previous report showed that ALG-2 induces nuclear localization of ASK1 and influences JNK activation (27) .
In this study, we demonstrated that ASK1 could bind to the ANKdomain of Notch1-IC and induced the nuclear localization of activated ASK1 and inhibited p38 MAPK activation by oxidative stress-induced ASK1. In this study, when cells were exposed to oxidative stress, ASK1 localization slightly changed and more ASK1 was found in the nucleus. The physiological meaning of nuclear translocation of activated ASK1 is still not known. However, we could surmise that Notch1-IC may force the localization of activated ASK1 into the nucleus and prevents the p38 MAPK signaling pathway (Fig. S12 ). Notch1 is a potent inhibitor of the oxidative stress-induced cell death signaling pathway. Knockdown of Notch1 expression significantly inhibited cell growth and colony formation. These findings are consistent with our present study, where Notch1-IC was shown to inhibit the activation of ASK1 and positively regulate cell survival.
Our data demonstrated that Notch1-IC directly interacts with and thereby inhibits ASK1 activation, thus resulting in suppression of the ASK1 signaling pathway. Inhibition of ASK1 signaling by Notch1 may play an important role in the effects of Notch1 on a variety of the cellular events, such as cell growth, survival, and apoptosis.
Materials and Methods
HEK293, HeLa, MCF7, MCF10A, and MEFs from PS1/2 +/+ or PS1/2 −/− mice were cultured as described (25) . PS1/2 +/+ and PS1/2 −/− MEF cells at a passage ranging from six to 10 were used, and each pair of the MEF cells were in the same passage during the experiments. More information is provided in SI Materials and Methods and Tables S1 and S2.
